This essay visits avian studies that contained advances or discussions about brain organization, trying to explain critically what they contributed. In order to start from a specific background, the new prevailing paradigm as regards brain organization, the prosomeric model, is presented first. Next a brief historic survey is made of how ideas on this topic evolved from the start of modern neuromorphology at the end of the 19th century. Longitudinal zonal organization with or without transverse segmentation (neuromeres) was the first overall concept applied to the brain. The idea of neuromeric structure later decayed in favour of a columnar model. This emphasized functional correlations rather than causal developmental content, assimilating forebrain functions to hindbrain ones. Though it became prevalent in the post-world-war period of neuroscience, in the last decades of the 20th century advances in molecular biology allowed developmental genes to be mapped, and it became evident that gene expression patterns support the old neuromeric model rather than the columnar one. This was also corroborated by modern experimental approaches (fate-mapping and analysis of patterning).
, can be mapped at early neural plate stages within the larger rostral terminal region, which encompasses the full secondary prosencephalon (prospective hypothalamo-telencephalic region; Fig. 1A ). The lateral neural walls as well as the terminal regions result secondarily patterned dorsoventrally (DV pattern) into alar and basal longitudinal zones, by agency of antagonistic dorsalizing and ventralizing signalling from the roof and floor zones. The rostral ends of all the longitudinal zones are acroterminal, and the alar and basal plates are primarily continuous from left to right (Fig. 1A; Shimamura et al., 1995; Puelles, 1995; Kiecker and Lumsden, 2012) . In parallel, there successively emerge transverse tagmatic, proneuromeric and neuromeric subdivisions (anteroposterior pattern [AP] ), by agency of acroterminal (rostralizing) and caudal (caudalizing) terminal signals.
Note the process of rostral terminal AP signalling is confusingly biased in the experimental developmental literature towards ascribing an exclusive role as signal source to the terminal roof plate (i.e., the anterior neural ridge [ANR] , which has a median acroterminal portion and paramedian wings; Fig. 1 A-D). This implicit postulate disregards the potential role of additional signals spreading from the complementary rostralmost alar, basal and floor acroterminal domains. In fact, the model suggests that true AP signals likely should optimally originate and diffuse caudalwards from acroterminal alar and basal organizers (Puelles, 2017) , whereas the acroterminal median roof and floor domains probably generate DV signals that act upon the acroterminal region itself (Fig. 1C) . Terminal, but nonacroterminal, roof signals coming from the caudal wings of the ANR probably participate mainly in DV patterning of telencephalon, eye field and alar hypothalamus ( Fig. 1 D,E) .
Primary longitudinal zones due to dorsoventral patterning are the floor, basal, alar and roof plates (His, 1893), though there are secondary smaller -microzonal-subdivisions of these domains, due to finer results of dorsoventral patterning that specify multiple alar and basal microzones uniquely in terms of their molecular profile (i.e., sets of active and inactive genes; review in . The rostral terminal and acroterminal areas share primarily -i.e., already at neural plate stages-the dorsoventral partitions of the lateral walls of the neural tube (Fig. 1E) .
Orthogonal intersection of DV and AP patterning effects defines in the neural wall a number of large and smaller rectangular progenitor areas, each exhibiting increasingly stable and unique regional molecular specification codes. All of them show secondary regionalization (further partitioning) through the agency of so-called 'secondary organizers', so that smaller regions and subregions eventually obtain added differential molecular specification. This results in specific neurogenetic and histogenetic patterns obtaining within microzonal neuroepithelial areas known as progenitor domains or histogenetic areas, characterized by unique tridimensional growth properties (radial dimension is added here), with details that often change in different vertebrate species. There results species-specific morphological shaping (topological deformation) of the fundamental brain organization plan (Bauplan). Large evaginated vesicles such as the eyes, the telencephalic vesicles, the midbrain tectum and the cerebellum emerge, whose differential growth accounts for the largest species-specific differences. However, they are just local expansions of particular alar neural microzonal or pluri-microzonal subdivisions (Fig. 1E) . In some cases these outgrowths become large enough that they result themselves patterned further into distinct neuroepithelial regions (e.g., eye primordium into optic stalk, pigmented retina, iris, ciliary body, and neural retina; telencephalon into pallium and subpallium and orthogonal septoamygdaloid variations; midbrain tectum into tectal gray, optic tectum, torus semicircularis and preisthmus; cerebellar primordium into vermis, hemisphere and floccule). Additional median outgrowths of the primary neural primordium are represented by the neurohypophysis and the epiphysis (Fig. 1E) .
Other brain subdivisions are those that appear orthogonally disposed relative to the neural length axis, namely the forebrain, hindbrain and spinal initial tagmata ( Fig. 2A) and their ulterior proneuromeric divisions and neuromeric subdivisions (Fig. 2 B,C) . The forebrain tagma is divided into secondary prosencephalon (hypothalamo-telencephalic complex), diencephalon, and midbrain proneuromeres (Fig. 2B) ; the hindbrain tagma is divided into prepontine, pontine, retropontine and medullary proneuromeric regions (Fig. 2B) , and the spinal tagma is divided into pretrematic, rostral trematic, intertrematic, caudal trematic and posttrematic regions (not shown; 'trema', Greek = limb). Each proneuromeric domain generates a few neuromeres. These represent smaller transverse developmental units with differential neural fates (Fig.  2C ). These transverse limits (AP pattern), similarly as the DV limits that separate longitudinal zones and microzones, are related to differential molecular profiles ( Fig.3 ; see also Fig.8; details in Puelles, 2013) . Some of the transverse interneuromeric limits coincide with particular properties, such as restriction of proliferative clonal dispersal of neuroepithelial progenitors, low proliferation rates, particular adhesivity markers, and reduced junctional permeability, which jointly cause the characteristic interneuromeric constrictions seen between overt neuromeres, particularly overt rhombomeres (blue background in Fig. 2C ; Heyman et al., 1993 Heyman et al., , 1995 Martínez et al., 1992 Martínez et al., , 1995 . There exist other such transverse boundaries that separate cryptic neuromeres in the hindbrain, midbrain and forebrain, which seem so far delimited mainly by molecular and fate boundaries (Puelles and Rubenstein, 1993 , 2003 Cambronero and Puelles, 2000; Marin et al., 2008; Tomás-Roca et al., 2016; Ferran et al., 2015) . As regards histogenetic behavior (generation of neuronal types, nuclear boundaries, axonal guidance fields, or topographically-organized synaptic fields) no difference is observed between overt and cryptic neuromeres.
Notwithstanding very remarkable species-specific quantitative differences in neural development, comparative neuromorphologists regard the deduced brain Bauplan as reflecting a topologic (invariant) bidimensional map that is eminently conserved across all vertebrates, implying a shared set of patterning mechanisms and brain progenitor regions. The common two-dimensional Bauplan is variously translated evolutionarily into the third, radial dimension. This generates field homologies (i.e., one-many correspondences of microzonal units across different species). Field homology is accordingly what we deal with when brain parts are compared in different vertebrate species. In contrast, progenitor domains taken as undifferentiated primordia can be strict homologs, judged by their relative position, molecular profile, and neighbours, irrespective of differential areal size (Puelles and Medina, 2002; Nieuwenhuys and Puelles, 2016) . The cause of brain Bauplan stability in spite of radiating evolution is probably represented by intrinsic constraints imposed by the high complexity of the nervous system (Kauffman, 1993 (Kauffman, , 2008 , as well as by networked genomic Fig.7C insert and Puelles and Martínez, 2013; Martínez-Ferre et al., 2013 for explanation] Fig.1E ) has distinct vermal, hemispheric and floccular portions agreeing with the three prepontine units it extends through (r0, r1r, r1c).
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and epistatic regulatory capacities, so that essentially the same fundamental developmental course is followed irrespective that underlying molecular DNA codes and tri-dimensional protein shapes permanently vary in aleatory ways.
Overall view of historic changes in concepts about brain organization
Morphologic analysis of the developing brain first followed historically the hypothesis of a general longitudinal organization (His, 1970 (His, , 1892 (His, , 1893a (His, ,b, 1894 (His, , 1895 (His, , 1904 Orr, 1887) , with a notochord-related axial concept and accompanying notions such as floor plate, alar-basal limit and roof plate, that is, the tetrapartite longitudinal zonal model of His (Fig.1 E,2; 4) . This concept was complemented by the idea of a concurrent neuromeric organization, orthogonal to the same length axis (Orr, 1887) . Various neuromeric models not always agreeing in the number and definition of the transverse units were proposed (e.g., McClure, 1890; Locy, 1895; Neal, 1898; Hill, 1898 Hill, , 1899 von Kupffer, 1906; Johnston, 1909; Neal, 1919) .
These early models were largely superseded by the arrival of the columnar brain model of Herrick-Kuhlenbeck (Herrick, 1910 , 1948 Kuhlenbeck, 1927 Kuhlenbeck, , 1935 Kuhlenbeck, , 1936 Kuhlenbeck, , 1954 Kuhlenbeck, , 1973 , irrespective of the continued existence of some authors interested in neuromeres and longitudinal zones up to the advent of gene mapping (e.g., Tello, 1923 Tello, , 1934 Wedin, 1955; Coggeshall, 1964; Vaage, 1969 Vaage, , 1973 Gribnau and Geijsberts, 1984; Puelles and Martínez-de-la-Torre, 1987 ; see references in Puelles et al., 1887b) . The columnar model disregarded transverse neural segments altogether, and placed instead strong emphasis on 'columnar organization' (Fig. 3) . This concept emerged from the work of Gaskell (1886 Gaskell ( , 1889 , Johnston (1902) and Herrick (1903) on hindbrain longitudinal columns in the adult mantle zone that either originate or receive functionally distinct nerve components of the cranial nerves (visceral and somatic efferents and afferents). Herrick (1910) extrapolated this functional columnar concept to the forebrain (mainly the diencephalon; Fig. 3 ). What usually is not noticed is that Herrick (1910) and ulterior columnar authors uniformly employed an arbitrarily changed forebrain axis that is unrelated to the notochord, disregards the cephalic axial flexure, and ends inside the telencephalon (Fig.3 A, B; compare Figs. 2, 4) . This model was strongly driven by American authors working on the forebrain, and became generally prevalent in the post-worldwar period. Some postwar neuromeric scientists also started to use a columnar forebrain axis ending in the telencephalon (e.g., Bergquist, 1952; Källén, 1953a,b, 1954 ; Keyser, 1972) , though this was explicitly corrected in Bergquist and Källén (1955) . In any case, neuromeres were finally practically forgotten, and fell out of textbooks.
Curiously, the columnar model, which was the prevalent paradigm during the important era of modern cytoarchitectonic, myeloarchitectonic and experimental neuroanatomy (with added subsequent histochemical or immunocytochemical brain analysis and hodological work based on axonal transport), is now regarded as being obsolete, at least by embryologists. Swanson (2003 Swanson ( , 2012 is a relevant, present-day example of a columnar neuroanatomist who delves scholarly with selective embryonic data (no neuromeres; no axial argument). Columnar thinking seems no longer to offer an useful brain model due to the circumstance that its tenets on forebrain organization lack experimental causal support (for instance, in the case of holoprosencephaly syndromes, they should not leave the rest of the diencephalon untouched when the hypothalamus is deleted; Fig. 3) . Actually, the columnar model never pretended to offer causal explanations, since from its origin (Herrick, 1910) it concentrated on hypothetic functional insight on the adult brain. As we will see below, Kuhlenbeck (1927 Kuhlenbeck ( , 1936 Kuhlenbeck ( , 1973 applied the idea of adult columns limited by sulci to embryonic stages, but also abstained from causal theorizing. There never existed a developmental hypothesis suggesting how a column later transforms into multiple nuclei. The entire hypothalamus with dozens of nuclei appears as a homogeneous column (Fig. 3) ; Swanson (2003 Swanson ( , 2012 later mapped many nuclei therein, but still offered no Herrick (1910) Tel, telencephalon; Di, diencephalon; DTh, dorsal thalamus (thalamus); ETh, epithalamus; Hb, hindbrain; Hy, hypothalamus; Mes, mesencephalon; Pall, pallium; Sp, spinal cord; Spall, subpallium; sm, somatomotor column; ss, somatosensory column; vm, visceromotor column; vs, viscerosensory column; VTh, ventral thalamus (prethalamus (glial, axonal, synaptic) , consistently with parallel fate-mapping and transgenic-labelled progeny data that have extrapolated visible or cryptic embryonic neuromeric units into permanent derived counterparts in the adult brain. This paradigm change has been occurring since the nineteen eighties, as we have been learning more about causal explanation of brain structure. Textbooks and atlases are starting to register the paradigm change as well (e.g., Puelles et al., 2007 Puelles et al., , 2008 Nieuwenhuys et al., 2008; Watson et al., 2010; Nieuwenhuys and Puelles, 2016 ).
The main current brain organization paradigm accordingly recovers neuromeric brain models that explicitly incorporate brain segmentation as the fundamental AP partitioning principle, while longitudinal zonal division defined again in context with the old notochord-and floor/roof-related axial concept is the main DV regionalizing principle (Figs.1, 2, 4, 8) . The variants of such a model depend on how many neuromeres are postulated or which are the metamery criteria employed (see the case of Lumsden in the last section). Shimogori et al., 2010 implicitly tried to conciliate the incompatible columnar and neuromeric axes of the hypothalamus, conceiving an aberrant 'diagonal direction'. I believe the increasingly prevalent concept is represented by the progressively updated versions of the 'prosomeric model ' (Figs.1,2,4,8; Rubenstein et al., 1994; Puelles and Rubenstein, 1993 , 2003 . Uncommonly in the field, its assumptions, factual evidence, past errors, and interpretive rationale have been transparently exposed.
Seminal work by Wilhelm His
Systematic morphologic (formanalytic) and developmental analysis of vertebrate brains, including the chicken brain, was Fig. 2 A-C. 
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started by His (1870 His ( , 1892 His ( , 1893a His ( ,b, 1894 His ( , 1895 His ( , 1904 . He first noticed the correlative topography of the notochord and the floor plate of the neural tube (Fig. 4B) , pointing to the primary neural axis irrespective of ulterior morphogenesis (Fig. 4C) . He illustrated chicken neurulation (roof plate). He also first defined the alar and basal plates (in shark and human embryos; Fig. 4B ; basal areas are precocious in neurogenesis and mantle development). His also pioneered a flat fate map of the neural plate, where he speculatively projected prospective subdivisions ( Fig. 4A ; His, 1893b). He was wrong in holding that the rostral neural plate border corresponds to the prospective optic chiasma (Fig. 4 A,C; see Fig. 1E ), and in his idea of a frontal (terminal) closure of the rostral neuropore; experimental chicken evidence corrected these points (Puelles et al., 1987a; Cobos et al., 2001) . Though the contemporaneous lizard embryo work of Orr (1887) defined histologically and first named transverse hindbrain and forebrain bulges as 'neuromeres', His never mentioned neuromeres, like other major neuromorphologists such as Edinger and Ramón y Cajal, though the latter's pupil Tello (1923, 1934) did illustrate neuromeres in his neurofibrillary studies of chick and mouse embryos, probably with his master's nihil obstat (Puelles, 2009 ). The only implicitly segment-like neural tube unit identified by His (1893b His ( , 1895 His ( , 1904 was the isthmus (Fig. 4C ), postulated as a neuromere in some modern neuromeric models (chick studies of Vaage, 1969 Vaage, , 1973 Puelles and Martínez-dela-Torre, 1987b ), a notion that was recently supported in mice by transgenic progeny analysis (Watson et al., 2017) .
The first wave of neuromeric studies
Analysis in context with head segmentation theories and badly fixed embryos (postmortem damage) characterized the earliest studies on avian neuromery. This caused the myth that neuromeres were artefacts. However, well-delimited hindbrain neuromeres were visible in living embryos, and also in well-fixed material, mainly at early stages. The limiting constrictions later flattened out and disappeared correlatively with the thickening of the differentiating Fig.44 Kuhlenbeck (1935 Kuhlenbeck ( , 1936 Kuhlenbeck ( , 1937 that diencephalic columns form across the former interneuromeric boundaries as homogeneous cell masses, within which definitive nuclei only form later (see our Fig.6 ). mantle layer. This later pattern caused the myth about a merely transient existence of neuromeric subdivisions, which was denied experimentally by Marín and Puelles (1995) and Wingate and Lumsden (1996) , who fate-mapped all overt rhombomeres, proving their permanent status. Von Kupffer (1906) and Ziehen (1906) summarized the early neuromeric results on all vertebrates at the turn of the twentieth century. It was determinant for the ulterior large-scale abandonment of neuromeric analysis that no functional application or cause was apparent at that time for a brain organizational principle based on embryonic transverse units. Functional application of this concept started only recently -e.g., Di Bonito et al., 2013, 2017 on rhombomere 4-and is still developing (work on segmental respiration and phonation circuitry, motor control, visuomotor reflexes). In contrast, the competing columnar model was based on indubitably successful functional analysis of adult nerve components (Gaskell, 1886 (Gaskell, , 1889 Johnston, 1902; Herrick, 1903) . Later, such functional insight turned out to be premature and simplistic as regards the forebrain, and the columnar model proved weak on causal analysis.
Fig. 5. Panel collecting images from Rendahl's 1924 publication on the developing chick diencephalon, including two representative sections from a 4-day-old chick embryo at left (original captions mark them as Rendahl's Figs.44 and 41, respectively), a graphic reconstruction of this same 4-day-old diencephalon (Rendahl's Fig.38), with marked section levels for four sections (this includes the ones shown at left), and another graphic reconstruction of a 6-day-old chick diencephalon (Rendahl's Fig.51). There is no need to enter into the complex terminology and abbreviations of this author. I have added tags indicating the modern prosomeric interpretation of diencephalic and hypothalamic prosomeres (p1-p3; hp1, hp2; compare Fig. 2C), and retraced in red on the reconstructions the relevant interprosomeric boundaries. The two sections at left intersect what we now call thalamus (p2) and prethalamus(p3) and their mutual characteristic zli boundary, before continuing into the hypothalamus, where histogenetically distinct sectors best visible in
As regards the forebrain ( Fig. 2A) , in which we now include the midbrain, diencephalon and hypothalamo-telencephalic complex (or secondary prosencephalon) (Fig. 2B) , the most important neu- (sd, sm, sv; dorsal, medius and ventral (Bergquist, 1952; Bergquist and Källén,1953a,b; 1954 , 1955 Källén, 1965) , as well as by Wedin (1955) and Vaage (1969 Vaage ( , 1973 . These authors were influenced by the Swedish histologist Holmgren, who preconized analyzing brain organization on the basis of the cytoarchitecture found within the neural wall, rather than taking ventricular sulci as evidence for brain boundaries.
Palmgren's (1921) compared the developing midbrain in various vertebrates, including chick embryos; he was later disregarded by columnar scientists employing a different delimitation of the midbrain (Puelles, 2016), but his concept precedes our modern concept of the midbrain, divided into a major rostral mesomere and a small caudal mesomere (m1, m2; Figs. 2C; 8). Palmgren's midbrain limits with the isthmus caudally and with the pretectum rostrally (Figs.1E, 2C ). His m1 and m2 transverse midbrain units were corroborated by Vaage (1969 Vaage ( , 1973 Puelles et al., 2012b Puelles, , 2017a . Hidalgo-Sánchez et al. (2005) first showed that there exist specific mantle derivatives of m2 , which persist after experimental deletion of the whole hindbrain. Previous authors had erred in thinking there were none, m2 being assumed to be an atrophic neuromere (whatever that means). This development of the preisthmus concept, recognition in birds and mammals of the tectal gray (García-Calero et al., 2002) and the auditory torus semicircularis ; model corroborated by comparative genoarchitectonic work of Ayad, 2014), together with axial inversion experiments of Marín and Puelles (1994) and studies of early isthmo-mesencephalic epithelial fluidity (Puelles et al., 1996) expanded the modern concept of the fundamental organization of the avian and mammalian midbrain (Puelles et al., , 2012b (Puelles et al., , 2017a ).
Rendahl's (1924) thesis publication covered masterfully the developing chicken diencephalon. He first identified the transverse zona limitans intrathalamica (ZLI), and interpreted this neuroepithelial ridge as part of an interneuromeric boundary (Fig.5) . The ZLI is now widely recognized as a transverse alar plate secondary organizer intercalated between prethalamus and thalamus (a.k.a.mid-diencephalic organizer; Puelles and Martínez, 2013), but was long disregarded by columnar authors (e.g., Kuhlenbeck, 1973; Swanson, 2003 Swanson, , 2012 or misinterpreted morphologically (Altman and Bayer, 1995) . Rendahl identified three diencephalic neuromeres, called by him synencephalon, posterior parencephalon and anterior parencephalon, in caudo-rostral order; these are practically equivalent to our present diencephalic prosomeres dp1-dp3 minus the hypothalamus ( Fig. 2C ; 5,6,7C; p1-p3 in Fig.8) . Rendahl (1924) admitted the columnar notion of the hypothalamus as a part of the diencephalon (ascribed to the anterior parencephalon, as in Figdor and Stern, 1994) . However, his analysis of diencephalic neuromeres suggests a rostrally placed hypothalamus region, rather than a 'ventral' hypothalamic topography within the diencephalon (Fig. 5, compare Fig. 3 ). He also studied histogenetic development Puelles et al. (1987b) 
and partly from the doctoral thesis of J.A.Amat (1986). (A,B) Wholemounts of fixed hindbrain specimens at stage HH18 and HH22, reacted by the Karnovski-Roots procedure overnight. The hindbrain preparates where then cleaned by hand at the microscope from all surrounding mesenchyme and meninges using sharpened tungsten needles; afterwards they were dehydrated, cleared, and flat-mounted before microphotography. Note more advanced neurogenesis in the paired rhombomeres (r2, r4, r6) and the distinct phenomena characterizing the basal versus the alar plates (and the floor plate, where a crossing of migrating cells is observed in r4 (B), probably representing efferent vestibular cells). (C) This is a chick forebrain AChE wholemount at stage HH20; some neuromeric boundaries were traced in red. The basal plate domains through m1, p1-p3, hp1 and hp2 have finished their heterochronic program of neurogenesis and build now a seemingly continuous, massively populated basal plate domain comparable to that postulated by His (1895; our Fig. 4C). Note the basal plate does not extend into the telencephalon (a columnar tenet), but crosses the acroterminal rostral midline under the optic stalk (os), where it meets the contralateral basal plate. Basal elements include the oculomotor nucleus in m1(III; and the IV in the isthmus, barely seen). The m2 mesomere is nearly devoid of neurons at this stage, except some mesV cells. The alar domains show more growth in surface and sparse AChE cells. Some neuroepithelial loci are AChE-positive, such as the zona limitans (zl) and the epiphysis. Compare the inset image, at stage HH17, corresponding to Shh in situ (floor+basal plate+zona limitans) and Pax3 immunoreaction (part of alar pretectum above the alar-basal boundary). Note also Shh signal at the preoptic area (poa), which is also progressive with AChE-positive cells.
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A of the diencephalic mantle, describing numerous avian diencephalic nuclei. Kappers, Huber and Crosby (1936) later commended the quality of Rendahl's (1924) study, but hardly followed his morphological conclusions (apart a few names), preferring the columnar approach. Fate-mapping work done by García-López et al. (2004 , 2009 , as well as AChE-histochemical or genoarchitectonic work done in our laboratory on the chicken and reptilian thalamus and pretectum (Martínez-de-la-Torre, 1985; Puelles et al., 1991; Martínez et al., 1991; Martínez-de-la-Torre et al., 2002; Ferrán et al., 2007 Ferrán et al., , 2008 Ferrán et al., , 2009 Merchán et al. 2011) , was largely based on and consistent with Rendahl's analysis (Fig. 6 ). Rendahl's (1924) work is one of the best descriptive neuroembryological studies ever done.
Bergquist and Källén (Bergquist, 1952; Bergquist and Källén,1953a,b; 1954; 1955; Källén, 1965) examined several vertebrate embryo series in their neuromeric studies, but scarcely touched chick embryos. However, a good analysis of the developing turtle Lepidochelys olivacea forebrain illustrates the sauropsidian pattern from their perspective (Bergquist, 1953) . Later, Källén examined the developing diencephalon and telencephalon in chick embryos (summary in Källén, 1965 ).
Vaage 's (1969) monographic work covers the issue of overt chicken neuromeres, with comments on all earlier literature on birds and other vertebrates. He reached the conclusion that the same number and pattern of neuromeres can be detected in all vertebrates. Against the thesis of Bergquist and Källén (1954) and Wedin (1955) that brain neuromeric phenomena proceed in three successive waves, Vaage concluded there is a single temporal series, a point now corroborated by much evidence. He offered a stage by stage analysis of neuromeric bulges, associated ventricular cavities, limiting constrictions, relationships to cranial nerve roots, and other landmarks. Moreover, he also produced an excellent description of the developing isthmic region in the chick (Vaage, 1973) , leading to the identification and embryonic classification of adult isthmic nuclei. He correctly deduced that one classic 'isthmic' nucleus is actually mesencephalic in origin. This was corroborated with other methods (Puelles and Martínez-dela-Torre, 1987; Martínez-Hidalgo et al., 2005) . This report also is a truly extraordinary descriptive neuroembryological study.
The columnar model
The columnar era started with Herrick's (1910) report of forebrain subdivisions in amphibians and reptiles. Due to the poor resolution of cytoarchitectonic methods available at the time, particularly when applied to anamniote brains that show scarce neuronal migration into the mantle, he used sulci visible at the neural ventricular surface as indicators of architectonic subdivisions. This approach had been successful in the hindbrain in the studies of Gaskell (1886 Gaskell ( , 1889 , Johnston (1902), and Herrick (1903) , where three brainstem longitudinal sulci separate four columns of neurons related to functionally distinct cranial nerve components. Herrick (1910) examined whether such columns extended into the forebrain, aiming to extrapolate there the functional properties of the hindbrain. He did find three sulci that divided the diencephalon and hypothalamus territory into four regions (Fig. 3A) . However, morphologic analysis of his diencephalic sulci in context with the longitudinal zones of His (Fig. 4) indicates they course orthogonally relative to the sulcus limitans and are accordingly transverse. Nevertheless, Herrick (1910) pragmatically passed to describe his diencephalic columns and sulci as 'longitudinal', without presenting any developmental or anatomic fundament for a new axis, and without discussing or even mentioning having changed the classic length axis of His. Only in his last work (Herrick, 1948) , he commented that "...this change was controversial ..., but convenient", showing he did not apply it unwittingly. The columnar (longitudinal) model of the forebrain was thus born in adult amphibians as a preconceived notion based on transverse diencephalic sulci that simply passed to be regarded as longitudinal according to an undefined and unsupported new length axis that negates the cephalic flexure and finishes in the telencephalon (this point is discussed and illustrated in Text Figs. 4-6) . Importantly, neither Herrick (1910 Herrick ( , 1933 nor his immediate followers (e.g., Kuhlenbeck, 1927 Kuhlenbeck, , 1935 Kuhlenbeck, , 1936 Kuhlenbeck, , 1973 examined the early patterns of neurogenesis (the axial basal plate domain of His was defined by precocious neurogenesis and differentiation; Fig. 4 B,C) . Recently, Swanson (2003 drew schemata postulating that the basal plate ends in the telencephalon, but did not show any evidence for this, nor discussed contrary published evidence; compare Fig. 7C ). Columnar-inspired works reporting neurofibrillary development in chick embryos (e.g., Windle and Austin, 1936 , Lyser, 1966 , Bösel, 1974 did not comment about this aspect, nor considered neuromeric interpretation of their results, irrespective of the earlier neuromeric neurofibrillar descriptions of Tello (1923 Tello ( , 1934 .
The concept of neuromeres was clearly left aside in the columnar model of the brain, assuming these were artefactual or transient phenomena devoid of functional importance (Streeter, 1933; Kuhlenbeck, 1973) . Functional pregnancy became the predominant guide of American neuroanatomic analysis of brain organization during the two world wars and the ulterior post-worldwar period, in which many European schools decayed. It soon became clear that there were more interesting functions to ascribe to the forebrain than mere repetition of the hindbrain functional specializations, thus rendering obsolete Herrick's (1910) primary aim. However, the columnar model was by then very strongly implemented as the predominant morphologic paradigm in the field of neuroanatomy. Its undiscussed length axis became an unmentioned dogma, an apparent truth known by everybody, as was the supposed longitudinal status of the four diencephalic columns separated by sulci (Fig. 3B) . This tendentious and preconceived fundamental convention caused no problems as long as causal explanation of the assumed brain organization was not required (i.e., connectivity and physiological studies seemed congenial with the columnar model, but a recapitulation is needed to see what was left behind). This changed when the expression patterns and functions of developmental genes started to be investigated and patterning analysis began.
The main columnar analysis of brain organization performed on birds was that of Kuhlenbeck (1927 Kuhlenbeck ( , 1935 Kuhlenbeck ( , 1936 Kuhlenbeck ( , 1937 Kuhlenbeck ( , 1939 . This work centred on the forebrain was later reexamined in Kuhlenbeck's treatise (1973 Kuhlenbeck's treatise ( , 1975 , but left unchanged. This erudite author accepted without criticism the occult axial dogma of the columnar model. In contrast to Herrick, though, he insisted on a purely formanalytic approach (delimitations based on relative position within a Bauplan), and considered premature any functional speculations. Unfortunately, Herrick's (1910) methodology of mapping ventricular sulci as indirect landmarks of boundaries of neuronal groups led him to errors of interpretation. We realize now in retrospect that genomic and epigenetic mechanisms cannot codify ventricular sulci, which are at best variable tertiary mechanic consequences of brain wall morphogenesis. The pattern of sulci thus changes even within a species and is therefore a bad basis for comparative neuromorphological analysis. Kuhlenbeck was the only author among the believers in the columnar model that acknowledged the early existence of neuromeres (Kuhlenbeck, 1935 (Kuhlenbeck, , 1973 . However, he concluded that these were transient early phenomena, and held that the subsequent development of the four longitudinal diencephalic columns overlaid the disappearing neuromeric boundaries, leaving no adult counterparts (Figs. 3,  6C ; Kuhlenbeck, 1935 Kuhlenbeck, ,1936 Kuhlenbeck, , 1937 Kuhlenbeck, , 1939 Kuhlenbeck, , 1973 .
We explicitly tested this last hypothesis (Puelles et al., 1991) , studying the development of an early avian thalamic cell groupthe superficial magnocellular nucleus of Rendahl (1924)-, whose birthdates are so precocious that its neurons are all present before the neuromeric constrictions disappear (Fig. 6) . We showed that this cell mass and several others near it in dp1-dp3 can be followed step by step as discrete cytoarchitectonic entities, remaining limited by neuromeric boundaries during the period in which they should be effaced by developing columns (Fig.6 A-D) . Such populations finally represent functional targets of retinal afferences and the source of projections to the pretectum and optic tectum (Puelles et al. 1991; Martínez et al., 1991a) . These results first negated the myth of the homogeneity of Herrick's diencephalic longitudinal columns, as well as the myth of columnar occlusion of earlier neuromeric pattern, both defended by Kuhlenbeck (1973) . The discreteness of the superficial magnocellular nucleus was later corroborated by its selective expression of the gene Nkx2.2 (Martínez-de-la- , and fate-mapping quail-chick grafting experiments illustrated the distinct and permanent fates of the three diencephalic neuromeres (García-López et al., 2004 , 2009 .
Kuhlenbeck (1939) also attempted a developmental columnar analysis of the chicken pretectum, which in his interpretation falls in part in the epithalamic and thalamic diencephalic columns and in part in the midbrain (Fig. 3B, compare Fig. 8 ). Columnar authors always had problems interpreting the pretectum of vertebrates. Contrarily, it is easily understood as an alar part of an independent neuromere (Figs. 5,7,8) . Recently, we studied early genoarchitectonic delimitation and ulterior development of the avian pretectum, corroborating its permanent molecularly-specified neuromeric boundaries. We also first described its tripartite AP alar regionalization (Ferrán et al., 2007 (Ferrán et al., , 2008 Merchán et al., 2011) . These results expanded the bipartite AP alar pretectal division previously suggested by Rendahl (1924) . A tripartite genoarchitectonic alar pretectal pattern has since been corroborated with gene markers as well in the mouse (Ferran et al., 2008; work in progress) and in the frog (Morona et al., 2011) , and the same pattern clearly exists in reptiles (histochemical comparative AChE analysis of Martínez-de-la-Torre, 1985) .
The second wave of neuromeric studies
Referring to avian studies, and defining the second wave of neuromeric studies as implying some sort of novel molecular approach, our own study of acetylcholinesterase activity in chicken diencephalic neuromeres (Puelles et al., 1987b) represents a modest starting point. Its genesis may be of interest, showing how a non-committed columnar scientist became a believer in neuromeres. We examined topographic whole-mount mappings of acetylcholinesterase-reactive newborn neurons (e.g., Fig. 7C ), concluding that the observed neurogenesis patterns were supportive of a neuromeric interpretation sensu Rendahl (1924) . This work employed selective demonstration of individual AChE-positive postmitotic neurons against the AChE-negative progenitor and glial cells. Previous Golgi studies on patterns of differentiation of diencephalic neurons, continuing work done on the optic tectum (Puelles and Bendala, 1978; Zabala, 1978) , had shown hidden transverse boundaries crossing the theoretically Fig. 8 (precommissural, PcP; juxtacommissural, JcP; and commissural, CoP, domains) .
homogeneous longitudinal diencephalic columns, separating unexpected blocks with different cell typology at early stages. These data produced our first notion that something was wrong with the columnar theory of the diencephalon, which made one to expect homogeneity of cell types. During a conversation with J.Reperant, the French expert on avian visual centres, he recommended reading Rendahl's (1924) developmental monograph. I thus stumbled unexpectedly upon neuromeric studies, of which I was not previously aware at all. One obscure paper led to the next, and study of this literature showed that chicken diencephalic Golgi patterns were definitely consistent with a neuromeric interpretation sensu Rendahl (1924) . However, the Golgi data were thought unsuitable to publish on this idea in a non-receptive columnar scenario. I had started using wholemount AChE staining in a parallel project on the migration across the midline of oculomotor neuroblasts (Puelles et al. 1975 , Puelles and Privat, 1977 , Puelles, 1978 . I was surprised to see in the cleared whole-mounts well-delimited groups of postmitotic AChE-positive neurons throughout the early hypothalamus, diencephalon, midbrain and hindbrain ( Fig. 7 A-C) , whose spatial pattern and heterochronic sequence of appearance also seemed to contradict columnar interpretations, but agreed with the neuromeric descriptions of Rendahl (1924) . I realized that histochemical evidence on heterochronic neurogenesis in a neuromeric organization of the forebrain-midbrain region was going to be much easier to pass through the peer review system than a neuromeric analysis of Golgi data. We thus concentrated on the AChE whole-mount histochemical analysis (Fig.7 A-C ; Puelles et al., 1987b; Amat, 1986) . This was after American neuromorphologists had officially pronounced neuromeres dead (e.g., Streeter, 1933; Kuhlenbeck, 1973) , but luckily was also briefly before they were reborn again thanks to experimental results on clonal restriction (Lumsden and Keynes, 1989; Fraser et al., 1990) and gene expression evidence (Gaunt et al., 1986; Murphy et al., 1989; Wilkinson et al., 1989a,b; Sundin and Eichele, 1990; Krumlauf et al., 1993) , which lent renewed life to neuromeric theory. Our publication was complementary to this new set of reports, in that we concentrated on the hypothalamus, diencephalon and midbrain, whereas the British colleagues examined mainly hindbrain rhombomeres.
While attending the Society for Neuroscience meeting in the States in 1991, I met John L.R. Rubenstein, who invited me to discussions in his lab. This was the prelude of our strong, varied and durable collaboration over the following years until the present, leading to the joint proposal and ulterior updating of the prosomeric model on the basis of a variety of gene expression patterns interpreted according to neuromeric tenets (e.g., Puelles and Rubenstein, 1993 , 2003 Rubenstein et al., 1994 Rubenstein et al., , 1998 Puelles et al., 2000 Puelles et al., , 2004 Puelles et al., , 2012a Shimamura et al., 1995 Shimamura et al., , 1997 Puelles, 1995 , Rubenstein et al., 1998 , and Puelles et al., 2000 contained chick embryo material). After implementing in situ hybridization procedures in our own laboratory we performed many comparative gene mapping studies on chick and mouse embryos, which eventually provided added molecular evidence on brain organization viewpoints.
The midbrain-hindbrain boundary
Experimental embryologic analysis of the avian brain was boosted by the quail-chick grafting procedure created by Le Douarin (LeDouarin, 1969; Le Douarin and Barq, 1969) . This author contributed important studies on the avian neural crest (e.g., Le Douarin, 1999; Le Douarin and Dupin, 2012) . As regards the brain, she dedicated attention to the caudal terminal region of the spinal cord (e.g., Catala et al., 1995) , and performed fate-mapping studies on the early chicken neural plate (Couly and Le Douarin, 1987) as well as on hindbrain derivatives studied in dorsoventral grafts of varying sizes (Tan and Le Douarin, 1991; neuromeres were not considered). The neural plate fate map was rather simple, compared to those of Fernández-Garre et al. (2002) and Sánchez-Arrones et al. (2009 . It probably cannot be said that Le Douarin contributed significantly to the analysis of brain organization. Not every good experimental embryologic study contributes to notions of brain organization, because there are other targets of scientific curiosity. This grafting approach was imported to our laboratory by my pupil S. Martínez (thesis Univ.Murcia 1987) , who learned it during his postdoctoral stage with R.M. Alvarado-Mallart at the INSERM U106, Paris.
Martínez and Alvarado-Mallart discovered an apparently caudal mesencephalic partial origin of the rostral vermal cerebellum (Martínez and Alvarado-Mallart, 1989, 1990; Alvarado-Mallart et al., 1990) . This (false) impression was corrected later by demonstrating fluidity (i.e., lack of morphologic stability) of the early vesicular midbrain-hindbrain boundary, as opposed to the fixed caudal Otx2 molecular limit of the midbrain (Puelles et al., 1996; Millet et al., 1996; Hidalgo-Sánchez et al., 1999) . More importantly, Martínez and Alvarado-Mallart found the first evidence for a cerebellar-and caudal mesencephalic inducing capacity of what became known as the isthmic organizer (Martínez et al., 1991b; Alvarado-Mallart, 1993 ; see also Marín and Puelles, 1994) . Other relevant experimental work from that laboratory included Bally-Cuif et al. Work on the isthmic organizer was subsequently continued by Martínez's own lab in Murcia (Garda et al., 2001; Martínez, 2001; Gimeno et al., 2002 Gimeno et al., , 2003 Echevarría et al., 2005) , and also sparked numerous international studies in mice and zebrafish. Collectively, all this work definitely established the role as isthmic morphogen of the fibroblast growth factor 8 (FGF8) and threw light on a number of other molecular details upstream and downstream of this organizer signal (see Crossley et al., 1996 Crossley et al., , 2001 Martínez et al., 1999) . Some of this work included collaboration of Martínez with G.R.Martin in S.Francisco (Wassarman et al., 1997; Chi et al., 2003; Basson et al., 2008) . In parallel, additional relevant work appeared on the ectopic inducing properties of the isthmic organizer in the diencephalon, which also illuminated and supported the neuromeric structure of the diencephalon Martínez et al., 1999; Hidalgo-Sánchez et al., 1999; Hidalgo-Sánchez and Alvarado-Mallart, 2002; Vieira et al., 2006 Vieira et al., , 2010 Crespo-Enriquez et al., 2012) .
Rhombomeres and prosomeres
Lumsden and colleagues performed over the years numerous high quality studies on rhombomeres r2-r6 (e.g., Lumsden and Keynes, 1989; Fraser et al., 1990; Lumsden, 1990 Lumsden, , 1991 Heyman et al., 1993 Heyman et al., , 1995 ; blue domain in Fig. 2C ). These hardly contributed new notions on brain organization, since these units were known to Orr (1887) and all neuromerists. Importantly, Lumsden did not accept the theoretic notion of a segmental AP organization of the entire brain inspired in the rhombomeres, as postulated by our group in the prosomeric model (Fig. 2C) . Puelles and Rubenstein (2003) argued against Lumsden that why should the very restrictive properties of interrhombomeric boundaries (e.g., clonal restriction) dictate how all interneuromeric boundaries in the brain should be, thus deciding which developmental units are metameric, as was later repeatedly defended by the British group (e.g., Kiecker and Lumsden, 2005 , 2009 Graham et al., 2014) ? We hold that metamerism must reside in repeated fundamental organization of the internal structure of neuromeres, and not their boundaries. We refer in this regard to the DV pattern of longitudinal zonal elements (Puelles and Rubenstein, 2003; ; see also Nieuwenhuys and Puelles, 2016; Fig.8 ). Limits should be treated as consequences of primary patterns, emerging because differential molecular organization appears first, not the other way around. Relevantly, if two odd-numbered or pair-numbered rhombomeres are experimentally put together, no limit emerges.
In reaction to this issue, and pondering on the possible existence of hidden (cryptic) rhombomeres in the medullary hindbrain, we reexamined first by means of experimental quail-chick fate mapping the overt and potential cryptic rhombomeres Cambronero and Puelles, 2000) , and then rechecked by expression mapping of Hox gene family elements any selective codes within the segmented and apparently nonsegmented hindbrain regions of chick and mouse embryos (Marín et al., 2008; Tomás-Roca et al., 2016) . This revealed the existence of crypto-rhombomeres r7-r11 (Figs. 2C; 8), which are sharply distinguished by differential expression of Hox gene families 4-8 (while overt rhombomeres are coded by Hox families 1-3). We also studied the prepontine hindbrain area, supposedly occupied just by Lumsden's 'r1' neuromere, which is a domain about three times bigger than any normal rhombomere. Studies in chick or mouse had suggested a strictly isthmic neuromere (r0) and rostral and caudal parts of the rest of r1 (Vaage, 1973; Aroca and Puelles, 2005; Aroca et al., 2006; Lorente-Cánovas et al., 2012; Alonso et al., 2012) . Recently, spatially restricted neural progeny of the postulated isthmic segment was studied (Watson et al., 2017) . As One guesses that the thalamo-pretectal limit is generated interactively by signalling from neighboring 'true' boundaries, but the diencephalo-hypothalamic limit seems arbitrary (though based on the prosomeric model). This forebrain schema surprises us by lacking a basal plate altogether (or an alar-basal distinction) , so that the transverse organizers are presented as reaching from roof to floor of the neural tube. This is fabricated and inconsistent with much recorded evidence (e.g., Fig. 7C and inset) . Moreover, the schema shows what these authors think about the hypothalamo-telencephalic region, which was divided into two hypothalamo-telencephalic prosomeres -hp1, hp2 (Fig. 8)- by Puelles et al. (2012a) , Martínez et al. (2012) , . The insights for this concept came from chick hypothalamic gene expression data obtained in the thesis of Bardet (2007) at the university of Murcia. The hypothalamus of Lumsden (2005, 2009) Cobos et al. (2001) , García-López et al. (2009), and Martínez (2009) , which uniformly concluded that the prospective subpallium lies rostral to the pallium (see also Sánchez-Arrones et al., 2009, 2012, and our Fig. 1 D,E) 
B
A a whole, these hindbrain studies suggest that the avian and mouse hindbrain is organized in 13 AP neuromeric units, which include r0 (isthmus), r1r (rostral), r1c (caudal) and r7-r11 among cryptorhombomeres, as well as the classic overt rhombomeres r2-r6 (Figs.  2C, 8) . We hold that this more elaborate concept of hindbrain AP configuration, enriched as well with the new microzonal concept of longitudinal DV brain organization (Fig.8) , should help significantly ongoing neurobiological research.
Eventually, Lumsden entered the field of chicken diencephalic prosomere studies, where he produced a series of reports based on chick embryos (e.g., Larsen et al., 2001; Zeltser et al., 2001; Kiecker and Lumsden, 2004 , 2005 , 2009 Scholpp et al., 2006 Scholpp et al., , 2007 Scholpp and Lumsden, 2010; Peukert et al., 2011) . Some of this is excellent work that contributed to clarify the role of the ZLI as a secondary organizer (Kiecker et al., 2004; Scholpp et al., 2006 Scholpp et al., , 2007 Guinazu et al., 2007; Scholpp and Lumsden, 2010) . I regard other studies in this list, particularly Larsen et al. (2001) and Zeltser et al. (2001) , as well as the Kiecker and Lumsden (2005, 2009, 2012) reviews as conflictive and non-convincing, mainly due to lack of documentation of where label injections was made and tendentious discussion that disregards other evidence or interpretation possibilities (text of Fig.9 ). One thesis of these studies is that there exists a primordial neuromere (Fig. 9A) , which soon transforms by atrophy or compaction (not demonstrated apart of gene expression changes) into the linear ZLI organizer, which patterns prethalamic and thalamic areas (Fig.9B) . This idea has given rise to what can be named an aberrant 'brain clonal restriction model' which has some features of a neuromeric model (e.g., the axis) and others of the columnar model (see text of Fig.9B on telencephalo-hypothalamic areas), but postulates controversial neuromeric compaction at the ZLI and a primordial isthmic neuromere. Most controversially, it eliminates without discussion the whole forebrain basal plate, inconsistently with García-Calero et al. (2008) and García-López et al. (2004 , 2009 ) fate maps ( Fig. 9  A,B) . This aberrant feature serves for preconceived and illusory extension of the ZLI and other potential organizers down to the floor plate (in contrast, see Fig. 7C and inset). Critical comments on the Lumsden ZLI topic in the light of a different theory of the generation of the ZLI, without the need to assume any fantastic compaction, were already advanced (Puelles and Martínez, 2013; Martínez-Ferre et al., 2013) .
As regards the midbrain, whose mesomeres are actually also midbrain prosomeres ( Fig. 2A) , Lumsden admits the transverse boundaries of Palmgren (1921) but no internal AP subdivision, as well as no basal plate (Fig. 9B) . He separately defends the concept of a singular 'arcuate' banded midbrain region with distinct gene expressions (Agarwala et al., 2001; Agarwala and Ragsdale, 2002; Sanders et al., 2002) as some sort of novel 'arched' morphologic organization. I interprete these midbrain arcs as caused by axial bending of the topologically longitudinal alar and basal zones at the cephalic flexure. A secondarily bent longitudinal zone continues being longitudinal.
